Objective-The enzyme telomerase and its catalytic subunit the telomerase reverse transcriptase (TERT) are important for maintenance of telomere length in the nucleus. Recent studies provided evidence for a mitochondrial localization of TERT. Therefore, we investigated the exact localization of TERT within the mitochondria and its function. Methods and Results-Here, we demonstrate that TERT is localized in the matrix of the mitochondria. TERT binds to mitochondrial DNA at the coding regions for ND1 and ND2. Binding of TERT to mitochondrial DNA protects against ethidium bromide-induced damage. TERT increases overall respiratory chain activity, which is most pronounced at complex I and dependent on the reverse transcriptase activity of the enzyme. Moreover, mitochondrial reactive oxygen species are increased after genetic ablation of TERT by shRNA. Mitochondrially targeted TERT and not wild-type TERT revealed the most prominent protective effect on H 2 O 2 -induced apoptosis. Lung fibroblasts from 6-month-old TERT Ϫ/Ϫ mice (F2 generation) showed increased sensitivity toward UVB radiation and heart mitochondria exhibited significantly reduced respiratory chain activity already under basal conditions, demonstrating the protective function of TERT in vivo. Key Words: aging Ⅲ apoptosis Ⅲ mitochondrial functions Ⅲ mitochondrial DNA Ⅲ reactive oxygen species Ⅲ telomerase reverse transcriptase T o date several theories exist to explain the phenomenon of normal and pathological aging. The free radical theory of aging 1 proposes that reactive oxygen species (ROS) in biological systems attack molecules and thereby cause functional decline of organ systems that eventually leads to death. This damage accumulates over time and may contribute to diseases associated with aging like atherosclerosis, neurodegeneration, or cataracts. 2 Recently, Schriner et al produced transgenic mice that overexpressed human catalase localized to the peroxisome, the nucleus, and the mitochondria. Only mice overexpressing mitochondrially targeted catalase showed a significant increase in life span and a reduction in oxidative damage to DNA and consequently in apoptosis. 3 Thus, these data define the mitochondria as compartment of ROS formation, which contributes to aging processes. Further evidence supporting the importance of mitochondria and formation of ROS in the mitochondria comes from findings that overexpression of mitochondrially localized antioxidant enzymes lengthens lifespan of Drosophila 4,5 and that deletion of manganese superoxide dismutase results in the age-related decline of mitochondrial function, culminating in increased apoptosis. 6 Recent studies using isolated complex I of the respiratory chain clearly demonstrated that superoxide production into the mitochondrial matrix is predominantly dependent on flavine-mononucleotide within complex I. 7, 8 The enzyme telomerase counteracts the shortening of the physical ends of chromosomes and, thereby, prevents the onset of replicative senescence and genetic instability. 9 -12 The catalytic subunit, which antagonizes telomereshortening, is the telomerase reverse transcriptase (TERT). 9 Several studies suggested that TERT exerts functions independently of its net telomere lengthening (for review see 13 ). TERT increased cell survival and resistance against oxidative stress after short term incubation of cells with different stimuli, which did not affect telomere shortening. 14 -18 TERT has been shown to have a genuine mitochondrial leader sequence which targets this protein to the mitochondria.
T o date several theories exist to explain the phenomenon of normal and pathological aging. The free radical theory of aging 1 proposes that reactive oxygen species (ROS) in biological systems attack molecules and thereby cause functional decline of organ systems that eventually leads to death. This damage accumulates over time and may contribute to diseases associated with aging like atherosclerosis, neurodegeneration, or cataracts. 2 Recently, Schriner et al produced transgenic mice that overexpressed human catalase localized to the peroxisome, the nucleus, and the mitochondria. Only mice overexpressing mitochondrially targeted catalase showed a significant increase in life span and a reduction in oxidative damage to DNA and consequently in apoptosis. 3 Thus, these data define the mitochondria as compartment of ROS formation, which contributes to aging processes. Further evidence supporting the importance of mitochondria and formation of ROS in the mitochondria comes from findings that overexpression of mitochondrially localized antioxidant enzymes lengthens lifespan of Drosophila 4, 5 and that deletion of manganese superoxide dismutase results in the age-related decline of mitochondrial function, culminating in increased apoptosis. 6 Recent studies using isolated complex I of the respiratory chain clearly demonstrated that superoxide production into the mitochondrial matrix is predominantly dependent on flavine-mononucleotide within complex I. 7, 8 The enzyme telomerase counteracts the shortening of the physical ends of chromosomes and, thereby, prevents the onset of replicative senescence and genetic instability. 9 -12 The catalytic subunit, which antagonizes telomereshortening, is the telomerase reverse transcriptase (TERT). 9 Several studies suggested that TERT exerts functions independently of its net telomere lengthening (for review see 13 ). TERT increased cell survival and resistance against oxidative stress after short term incubation of cells with different stimuli, which did not affect telomere shortening. 14 -18 TERT has been shown to have a genuine mitochondrial leader sequence which targets this protein to the mitochondria. 19, 20 However the exact role of mitochondrial TERT remains controversial, with 1 group showing that it exacerbates oxidative injury 19, 20 and another group demonstrating a protective effect after oxidative stress. 21 Taking into account that aging processes are associated with dysfunctional mitochondria, the goal of the present study was to elucidate the localization of TERT within the mitochondria and its functional role in the mitochondria with specific respect to respiratory chain activity, apoptosis, and formation of ROS.
Methods
Please see http://atvb.ahajournals.org for expanded Methods section.
Cell Culture
Human umbilical vein endothelial cells (HUVECs; Lonza, Cologne, Germany) were transfected with Superfect as previously described. 22 After detachment with trypsin, cells were grown for at least 18 hour prior to all further manipulations.
Isolation of Primary Mouse Lung Fibroblasts
A small piece of lung tissue was minced with 2 scalpels in a culture dish and incubated in HEK 293 medium at 37°C. After 5 days the fibroblasts grown out from tissue fragments were passaged to culture flasks.
Proteinase K Digestion of Mitochondria
To determine whether TERT is localized in the mitochondrial matrix or the intermembrane space, 700 g of mitochondria was distributed in 3 equal aliquots. Mitochondria were pelleted and incubated at 4°C 
Results

TERT Is Localized in Mitochondria
It has been demonstrated that mitochondria contain measurable telomerase enzymatic activity, 19 suggesting that a fraction of cellular TERT is localized in these organelles. After having previously shown that telomerase activity is found in mitochondria of HUVECs, 23 we confirmed that this is also true for HEK cells. As shown in Figure 1A , telomerase enzyme activity was detectable in all 3 compartments under basal conditions. Because commercially available antibodies against endogenous TERT could not be used for immunoprecipitation, we next tested whether overexpressed TERT wild-type protein containing a myc-tag at the C terminus (TERTwt-myc) is detectable in mitochondria. From our previous studies, we knew that TERTwt-myc is exported from the nucleus on stress and thereby behaved identical to endogenous TERT in HEK cells and HUVECs. 17 Overexpressed TERTwt-myc was detected in the mitochondria by immunoblot (supplemental Figure IA) . The biochemical fractionation was always controlled by proteins, which are known to be located in the nucleus or in the mitochondria.
To determine the exact localization of TERT, which has a genuine mitochondrial leader sequence at the N terminus, within these organelles, we digested the outer mitochondrial membrane with proteinase K. With this approach we could demonstrate that a large portion of endogenous TERT is localized in the mitochondrial matrix as indicated by its presence in the proteinase K resistant fraction ( Figure 1B ). This requires an import into the mitochondria, as the protein is encoded by the nuclear genome and thus translated in the cytoplasm. The best-characterized pathway to import a protein into the mitochondria of higher eukaryotes is by binding to a complex containing the translocases of the outer membrane 20 and 40 (TOM20 and TOM40) and the translocase of the inner membrane 23 (TIM23). We therefore investigated whether TERT can associate with this complex by coimmunoprecipitation studies. As stated above, TERTwt-myc was detected in the mitochondria, and all antibodies directed against endogenous TERT could not be used for immunoprecipitation. Therefore, we performed all further experiments with overexpressed TERTwt-myc. The fact that TERTwtmyc physically interacts with the TOM20/TOM40 complex (supplemental Figure IB) and with TIM23 ( Figure 1C ) strongly suggests a transport mechanism involving these proteins. However, these experiments do not exclude participation of other translocases, like for instance TIM22.
TERT Binds to mtDNA
One important component of the mitochondrial matrix is the mtDNA. This prompted us to test whether TERTwt-myc can associate with the genome of the organelle. Therefore, we performed a modified chromatin-immunoprecipitation assay, using primers amplifying segments of mtDNA. After careful examination of the different regions of the circular mitochondrial genome, we identified 2 regions containing the coding sequences for NADH:ubiquinone oxidoreductase (complex I) subunit 1 and 2 (ND1, ND2) as interaction sites for overexpressed TERTwt-myc protein. In contrast, another region of the mtDNA containing the coding sequence for ATP synthase subunit 6 (ATP6) did not show interaction with TERTwt-myc (supplemental Figure II) .
TERT Protects mtDNA From Damage
It has previously been shown that telomerase can protect mitochondrial function under oxidative stress. 21 As a number of mitochondrial proteins are encoded by the mitochondrial genome it was suggestive to analyze whether TERT bound to mtDNA could protect it against damage. Therefore we first assessed in vitro whether TERT can prevent UV-induced destruction of mtDNA. We treated isolated total cellular DNA (containing nuclear and mtDNA) in vitro in the presence or absence of TERTwt-myc for 3 minutes with shortwave UV light (254 nm) and analyzed intactness of mtDNA by long-range PCR. Indeed, preincubation of the DNA with in vitro translated TERTwt-myc effectively protected mtDNA against UV-induced degradation, whereas immediate irradiation showed only weak protection. Preincubation with ␤-galactosidase, a protein of comparable size, had no effect (Figure 2A ).
To assess whether this protection of mtDNA is of relevance in living cells, we irradiated primary lung fibroblasts from homozygous TERT knockout (TERT Ϫ/Ϫ ) mice and their wild-type littermates with different doses of UVB irradiation and determined MTT conversion as a measure for mitochondrial activity. We demonstrated that TERT Ϫ/Ϫ fibroblasts are more sensitive to UV-irradiation with regard to their mitochondrial activity ( Figure 2B ), indicating that TERT has a protective function for mitochondria in vivo. In addition we could show that TERTwt-myc directly protects mtDNA in HEK cells ( Figure 5A ).
TERTwt Protects the Respiratory Chain and Specifically Complex I in Cells and in Mice
To further investigate whether TERT binding to mtDNA has an impact on mitochondrial function, we next measured respiratory chain activity in TERT-transfected cells. We included a TERT mutant (TERTD868A-myc) lacking reverse transcriptase activity, 24 from which we know that it can still bind to mtDNA (data not shown), to elucidate whether catalytic activity of the protein is required for maintaining mitochondrial functions. Measuring the respiratory chain activity in general, we discovered a 30% reduction in succinate-dependent respiration in cells overexpressing TERTD868A-myc ( Figure 3A and supplemental Figure III) , suggesting that not only the mtDNA binding but also the activity of TERT plays a role for mitochondrial functions. Besides the overall decrease found in respiratory chain activity, we wanted to determine whether the effect was most pronounced for complex I. To emphasize the latter, we normalized all other values to the same rate of succinaterespiration that was set to 1 ( Figure 3A) and found a significant reduction in complex I activity. To further underscore these findings, we used a second method to measure complex I activity. Indeed, a significant increase in complex I activity was only found in cells overexpressing TERTwtmyc. (Figure 3B ). Of note, the data shown in Figure 4b demonstrate that although all respiratory rates were decreased in TERTD868A, the mitochondria showed no differences in respiratory chain control factors ie, in the ratios of state 4/state 3 or state 4/FCCP-uncoupled rates, which essentially also excludes changes in membrane permeability. To determine whether our results obtained by overexpression of TERT are of relevance in vivo, we next analyzed the respiratory chain activity of intact heart and liver mitochondria isolated from TERT Ϫ/Ϫ mice and wild-type animals. Indeed, we found that heart mitochondria from TERT Ϫ/Ϫ mice showed a significant reduction of the complex I-dependent respiration with the NADH-generating substrates malate and glutamate, which was most obvious in state 3 (ADPstimulated) respiration (Figure 4a ). In contrast, no difference between TERT Ϫ/Ϫ mice and their wild-type littermates was observed in liver mitochondria. This indicated that the protective effect of TERT in vivo might be more important in tissues with a high respiratory rate like the myocardium and with no or weak regenerative capacity.
TERT Reduces Formation of ROS in Mitochondria
Recent studies from Santos et al using a retroviral approach showed that reintroduction of human TERT into human fibroblasts increased oxidative stress, mtDNA lesions, and apoptosis. 19, 20 In contrast, Ahmed et al showed that TERT protects mitochondria from damage and reduces oxidative stress. 21 Therefore, we investigated the effect of TERT under basal and EtBr-induced conditions on ROS formation. Overexpression of TERTwt-myc reduced ROS formation compared to LacZ-and TERTD868A-myc-overexpressing cells ( Figure 4B ). This is in contrast to Santos 19 but in agreement with Ahmed et al. 21 Moreover, ablation of endogenous TERT by shRNA ( Figure 4C and supplemental Figure IVA) revealed increased mitochondrial ROS formation as measured with Mitosox, a specific compound, which is imported into the mitochondria for ROS detection ( Figure 4D and supplemental Figure IVB) , suggesting that the presence of TERT in the mitochondria protects from respiratory chain dysfunction.
Mitochondrially Targeted TERT Is More Protective Than TERTwt Against mtDNA Depletion and Oxidative Stress-Induced Apoptosis
Because mitochondrial damage importantly contributes to apoptosis induction, we cloned TERT into a mitochondrial target vector (mitoTERT-myc) to specifically investigate the effect of the mitochondrial localization of TERT on mtDNA protection and apoptosis inhibition.
After having shown that TERT binds to mtDNA and protects cells against UVB-induced decrease of mitochondrial function, we first assessed the effect of mitoTERT-myc on mtDNA protection in living cells. Therefore we reduced mtDNA content in HEK cells transfected with an empty control vector, TERTwt-myc, or mitoTERT-myc by treating cells with low doses of ethidium bromide (EtBr). Expression of TERTwt-myc completely rescued the loss of mtDNA content observed in control transfected cells. This effect was even more pronounced in cells expressing mitoTERT-myc ( Figure 5A ).
We previously described that H 2 O 2 induces apoptosis in endothelial cells. 22 Overexpression of TERTwt-myc in HUVECs showed a slight but significant inhibition of H 2 O 2 -induced apoptosis, whereas mitoTERT-myc completely abrogated H 2 O 2 -triggered apoptosis ( Figure 5B ). These data suggest that protection of mtDNA integrity, mitochondrial function, and apoptosis protection by TERT can be mainly ascribed to the mitochondrial function of this protein.
Discussion
Our results presented here demonstrate that a large portion of endogenous mitochondrial TERT is localized in the mitochondrial matrix. TERT binds to mtDNA and thereby protects mtDNA from damage. Concomitantly we observe a reduction in the formation of mitochondrially produced ROS. Overexpression of mitochondrially targeted TERT is more protective than TERT wild-type against EtBr-induced DNA damage and ROS-induced apoptosis. Strikingly, the protective function of TERT was also evident in vivo from the fact that heart mitochondria from TERT Ϫ/Ϫ mice exhibited significantly reduced respiratory chain activity.
Previous studies have shown that TERT contributes significantly to processes of aging by protecting telomeres from critical shortening and by inhibiting apoptosis and decreasing oxidative stress. At the same time, oxidative stress and mitochondrial dysfunction have been demonstrated to be important players of aging processes. Our study now shows that mitochondrial TERT inhibits formation of mitochondrially produced ROS and can contribute to increased energy metabolism. Thus, it is tempting to speculate that not only nuclear TERT has an impact on aging processes, but also mitochondrially localized TERT. A reduction in mitochondrially produced ROS has recently been demonstrated to increase the lifespan of mice. Schriner et al produced mice that overexpressed mitochondrially targeted catalase as well as nuclear targeted catalase and showed that in both mice strains catalase was able to reduce H 2 O 2 , but only mice which overexpress mitochondrially targeted catalase exhibited an increased lifespan compared to their wild-type littermates. 3 Likewise, overexpression of manganese superoxide dismutase, a mitochondrially localized antioxidative enzyme reducing O 2 Ϫ. to H 2 O 2 , increased the lifespan of adult Drosophila melanogaster. 25 However, recent studies on mice deficient for the mitochondrially localized DNA polymerase ␥ (Pol-␥) did not find an increase in oxidatively damaged proteins or a reduction in mitochondrial aconitase activity, a classic marker for oxidative damage of proteins. Nevertheless, an accumulation of mitochondrial mutations and the development of many of the phenotypes characteristic of human premature aging were reported. 26, 27 Thus, it was concluded that the Pol-␥-deficient mice exhibited an aging phenotype in the absence of enhanced ROS production. However, it was also demonstrated that embryonic fibroblasts of the Pol-␥-deficient mice show a 95% reduction in oxygen consumption, 27 which would suggest that the extensive mutations lead to a complete breakdown of the respiratory chain. This would exclude the formation of mitochondrially produced ROS in these mice. Therefore, these data do not prove that mitochondrially produced ROS are not involved in aging processes.
Recently, it has been reported that flavine-mononucleotide in complex I of the respiratory chain is the major site where ROS are produced. 7, 8 Our data now demonstrate that TERT protects the genes for subunits ND1 and ND2 in the mtDNA specifically. Thus, it is tempting to speculate that an increase in ROS production by complex I leads to more damaged mtDNA spurring a vicious cycle finally resulting in dysfunctional respiratory chain and mitochondria. Mitochondrial TERT may counteract ROS production by complex I by binding to the ND1 and ND2 genes, thereby increasing the synthesis of functional complex I subunits which in turn can reduce the formation of damaged complex I that leaks electrons onto oxygen. Unfortunately, too little is still known about the structure and function of complex I. 28 Therefore, we do not know whether protection of ND1 and ND2 subunit genes by TERT is a key prerequisite for reducing complex I produced ROS. Several studies discuss an important role for apoptosis in the process of aging and age-related diseases. Here, we demonstrate that TERT protects mtDNA from damage and that mitochondrially targeted TERT is protective against oxidative stress induced damage. Our data could implicate that mitochondrial TERT also plays an important role in apoptotic processes leading to pathological aging. Key processes during the onset of apoptosis are outer mitochondrial membrane permeabilization, release of cytochrome c into the cytosol, and activation of caspases. Of note, Bayir et al demonstrated that a mitochondrial pool of cytochrome c exists which acts as a cardiolipin oxygenase. 29 This cytochrome c/cardiolipin oxygenase is activated during apoptosis, uses ROS, and causes selective oxidation of cardiolipin. The oxidized cardiolipin is required for the release of proapoptotic factors from mitochondria to the cytosol. Thus, a reduction of ROS by mitochondrial TERT could result in a reduced activation of the cytochrome c/cardiolipin oxygenase, reduced oxidized cardiolipin, and therefore inhibition of the release of proapoptotic factors into the cytosol. Taking this into account, it is not surprising that nuclear as well as mitochondrial TERT can inhibit apoptotic processes, because one may speculate that mitochondrial TERT inhibits the formation of ROS by complex I, blocks cardiolipin oxidation and release of proapoptotic factors from the mitochondria, whereas nuclear TERT protects telomeres from shortening, interacts with the antiapoptotic proteins PARP and Akt and is regulated by p53, a known gatekeeper of apoptotic processes. 30 -32 Moreover, it has been shown that cells depleted of mtDNA (0 cells) are resistant to apoptosis induction by several stimuli. 33 Dissipation of mitochondrial potential and release of cytochrome c into the cytosol was absent in these cells. 33 These data clearly demonstrate that mitochondria are necessary for the onset of apoptosis. Similar to these findings, it has been demonstrated that mitochondrial dysfunction is a prerequisite for the onset of aging processes. Therefore, it is tempting to speculate that apoptosis is also a prerequisite for aging processes or that apoptosis and aging processes are tied together. This hypothesis is strengthened by data from Kujoth et al who found that many tissues of Pol-␥-deficient mice show at early age a phenotype of accelerated aging with increased levels of caspase-3 activity and TUNEL-positive cells. Similar to this study in mice, patients who carry a high load of mitochondrial mutations show an increase in TUNELpositive muscle fibers. 34 We show here that protection of mtDNA by TERT is also associated with a higher protection from apoptosis.
Conclusion/Perspectives
Therefore, one may consider revising the old dogma that only the nuclear function of TERT is important for aging and apoptotic processes. Mitochondrial TERT may also exert a significant contribution to the antiaging and antiapoptosis function of TERT.
